The disruptive land-use change during forage grass conversion to annual crop can be critical for determining nitrous oxide (N 2 O) emissions, but this is an understudied period. We measured soil N 2 O fluxes (using closed static vented chambers) together with potential environmental drivers of these fluxes from liquid pig manure (LPM) and solid pig manure (SPM) applied to an annual crop (ANN) and perennial forages (FPP) that was converted to annual crop. Unamended plots were used as a control (CON). The results showed that in 2013, average soil nitrate-N was significantly higher on the recently converted FPP (ranging from 19 to 83 mg N kg −1 ) than the continuous ANN plots (from 16 to 35 mg N kg −1 ). The recently converted perennial forage system produced three times greater N 2 O than the continuous annual system, which is likely a result of accelerated N mineralization from the accumulated soil organic matter (over 4 yr) and grass residues of the recently killed forage grasses. However, during the second year of the study when the FPP plots were reseeded to perennial grasses, the system emitted 30% less N 2 O than the ANN system. These results suggest that including perennial forage grass in rotation with annual crops can provide N-saving and climate change mitigation benefits; however, some of the N stored in the soil would be lost when the perennial grass plots are cultivated to grow annual crops.
Introduction
Nitrous oxide (N 2 O) is the main greenhouse gas (GHG) emitted from cropped land. It is mostly emitted from agricultural soils when fields are treated with nitrogen (N)-based fertilizers and manure to improve annual and forage crop yields. N 2 O emitted from agricultural soils is particularly important because it has a 100 yr global warming potential effect that is up to 265 times greater than that of carbon dioxide (IPCC 2014) . According to Environment Canada (2014a , 2014b , agriculture accounted for 10% of CO 2 -equivalent GHGs produced in Canada in 2012. On a global scale, agriculture contributed 24% to direct GHG emission in 2010 (IPCC 2014) . It is often acknowledged that including perennial forage crops in rotation with annual crops is a useful strategy to reduce GHG emissions, particularly N 2 O, from agriculture. However, soil N 2 O emission associated with the disruptive land-use change during perennial forage crop conversion to annual crops could be important but has remained as an understudied source of agricultural GHG emissions.
Pasture mixtures containing perennial forage crops, such as timothy grass (Phleum pretense L.) and orchard grass (Dactylis glomerata L.), are efficient in scavenging available soil N (Jones et al. 2005) . The extensive rooting system of perennial forage grasses can bind soil together and create a large surface area to intercept soil nutrients (Popay and Crush 2010) . Perennial grassland systems are known to be large stores of soil organic matter (SOM), at least in the top soil layer, that may become susceptible to accelerated mineralization, nitrification, and denitrification once they are converted to annual crops. In a 2 yr rotation experiment, Maas et al. (2013) found that N 2 O emission from annual crops (7.8 ± 0.7 kg N ha −1 ) was four times greater than that from perennial forage grasses (1.8 ± 0.7 kg N ha −1 ).
Perennial forage grasslands can be converted to annual crops for economic considerations (Taylor et al. 2013) . In other cases, they are grown in rotation with annual crops such as wheat, barley, or canola on the Canadian Prairie (Jefferson et al. 2013; Maas et al. 2013 ). Although it is not a common practice to have a large area of grasslands converted to annual crops, the practice does take place . Native grasslands are being transformed to annual crop land for agricultural production. Also, animal farmers in the prairie region apply manure to forage crops, which are planted in rotation with annual crops that are fed to animals. Perennial forage grasses offer the benefit of increased grain yield to succeeding annual crops following their termination (Asgedom and Kebreab 2011) . However, soil may lose organic matter, and N levels may decline after perennial forage grasslands are converted to annual crops . Drewer et al. (2017) reported that plowing managed temperate grassland increased N 2 O fluxes. Mielenz et al. (2017) used a modeling approach to evaluate mitigation strategies for N 2 O emissions from cropping systems after conversion from pasture land. They predicted N 2 O emissions to be high after land-use change from pasture to arable cropping.
With Canadian pig production trending upwards (Statistics Canada 2017), annual pig manure production has also increased. Land application of pig manure is the most economical and environmentally acceptable method of utilizing the manure. Pig manure is a source of plant nutrients, particularly N. Pig management systems produce two types of manure: liquid pig manure (slurry) and solid pig manure (straw beddings mixed with urine and feces). Very few studies have reported estimates of N 2 O fluxes from either pig manure applied to soil following termination of perennial forage grasses.
A few studies have monitored N 2 O emissions from pig manure applied to perennial forage grasses. Tenuta et al. (2010) reported high N 2 O emissions from single spring application of LPM compared with split application of LPM and control unamended plots. They recommended split application rather than single spring application to reduce N 2 O emission. Gao et al. (2014) reported increased N 2 O emission following addition of pig slurry to perennial forage grasses, which they attributed to increases in soil N and soil moisture content. Rochette et al. (2008) observed no clear distinction between N 2 O emission from SPM and LPM. Nikièma et al. (2016) concluded that SPM would better mitigate N 2 O emission compared with LPM, especially under conditions that favour denitrification because the emission intensity and emission factor for SPM were significantly lower than those from LPM.
There is a dearth of information on the N 2 O emission implication of converting perennial forage grasses into annual crops that are fertilized using pig manures. This study aimed at evaluating the impact of the conversion phase of a 4 yr perennial forage cropping system receiving annual applications of pig manure to annual crops on N 2 O emission and soil N availability. We hypothesized that the conversion of a prior permanent grassland to an annual cropping system will enhance N 2 O emissions due to accelerated N mineralization from both SOM and grass residues from the newly killed perennial grasses. We also hypothesized that converting the new annual crop back to a perennial forage system will result in lower soil N 2 O emissions relative to a continuous annual cropping due to greater ability of the perennial grasses to take up any mineralized N from SOM and N addition to the soil from the pig manure.
Materials and Methods

Experimental site
The field site for this study was at the University of Manitoba Ian N. Morrison Research Farm in Carman, Manitoba, Canada (49°29.619′N, 98°2.204′W, 266.1 m a.s.l.). Over a 30 yr period , the farm average annual precipitation was 545 mm (Environment Canada 2014a). The soil is a well-drained sandy loam of Hibsin series, an Orthic Black Chernozem in the Canadian soil classification system (Michalyna et al. 1988) , with an average bulk density of 1.2 kg m −3 and pH 6.5 (1:2 water suspension) to a depth of 15 cm (Adesanya 2015; Adesanya et al. 2016) .
The experiment was a split-plot design, with the two original cropping systems (annual and perennial) as the main plots and three manure treatments [liquid pig manure (LPM), solid pig manure (SPM), and control of no manure addition (CON)] as subplots, with all treatments replicated four times. Each plot was 10 m by 10 m in size. From 2006 to 2009, this site had been a mixture of three forage crops, alfalfa, timothy grass, and orchard grass in a ratio of 50:35:15 with no nutrient supplement (Nikièma et al. 2016; Karimi et al. 2017) . In 2009, alfalfa was eliminated from the mixture by spraying with the herbicides Lontrel (clopyralid, Dow AgroSciences Canada Inc., Sturgeon County, AB, Canada) and MCPA (2-methyl-4-chlorophenoxyacetic acid, Nufarm Agriculture Inc., Calgary, AB, Canada) at a rate of 0.84 and 0.98 L ha −1 , respectively, whereas the proposed annual plot was sprayed with Round-up herbicide (isopropylamine salt of glyphosate, Bayer Inc., Mississauga, ON, Canada) at a rate of 5.5 L ha −1 . Since 2009, both LPM and SPM plots have received pig manure as N supplement similar to those reported in this study, whereas CON plots have been left unamended. The applied manure rates aimed at meeting 150 kg N ha −1 on annual (ANN) plots and 140 kg N ha −1 on former perennial forage plots (FPP) depending on target crop yield and residual soil nitrate (60 cm soil depth) measured from the preceding fall period. A detail of the manure application rate during the 2009-2012 period has been reported by Nikièma et al. (2016) and Karimi et al. (2017) . Also since 2009, the ANN plots have been in a barley (Hordeum vulgare 'Tradition')-rapeseed, canola hybrid (Brassica napus L. 'Liberty Link', Invigor L140P) rotation. The FPP plots were left with a mixture of timothy grass (Phleum pratense L. 'Promesse') and orchard grass (Dactylis glomerata L. 'AC Nordic') planted in ratio of 68%-32%, respectively. In fall 2012, FPP plots were terminated by plowing using a tandem disc plow to a depth of 10 cm for the start of the current study. In spring 2013, both FPP and ANN plots were cultivated and seeded to canola on 11 June 2013. In the fall of 2013, after harvest of canola, the FPP plots were reseeded to timothy and orchard grasses on 23 Sept. 2013; although this was late seeding, the grasses performed well without adverse effect before winter set-in in November of that year. In the spring of 2014, the ANN plots were seeded to barley on 6 June 2014. A 4:1 yr rotation of FPP to ANN system may seem short and unorthodox, but we do not anticipate that the N from the grass residue will persist longer than 1 yr.
The seeding rates for canola and barley were 8.0 and 108.0 kg ha −1 , respectively, whereas the seeding rate for timothy and orchard grasses mixture was 8.4 kg ha −1 .
The liquid pig manure was collected from an earthen lagoon on a farmer's farm near Steinbach, Manitoba, whereas the solid pig manure was collected from a compost pile at the National Centre for Livestock and the Environment of University of Manitoba, Glenlea, Manitoba, Canada. The collections were close to the time of manure application each year, usually within a week. Subsamples of the manures were analyzed for moisture, total N, and ammonium nitrogen (NH 4 + -N) ( Table 1 ). Manure addition rates were calculated based on the N requirement of each crop (Manitoba Agriculture Food and Rural Initiatives 2007), taking into consideration residual soil nitrate (Table 2 ) and expected crop yield. It is an acceptable practice in this region to assume that 25% of NH 4 + -N applied to ANN will be lost through volatilization when manure was applied and incorporated on the same day, whereas 50% of applied NH 4 + -N will be lost through volatilization on FPP plots when manure was surface applied without incorporation, a reference to this can be found in the report of the Prairie Provinces' Committee on Livestock Development and Manure Management (2004) . The committee also assumed that only 25% of applied organic N in manure will be available for plant use in the first year of application. Manitoba Agriculture Food and Rural Initiatives (2007) assumed that previous fall extracted N (60 cm soil depth) determines how much of N will be available in the following growing season. The higher the soil nitrate-N (NO 3 − -N), the higher the chances of meeting crop N need. As such an empirical table has been developed to categorize soil N, ranging from very low to very high depending on crop type. The target yield used in estimating N requirements was 2.1, 4.6, and 7.4 Mg ha −1 for canola, barley, and forage mixture, respectively, which is usually based on average provincial crop yield in the preceeding growing season. Due to low residual soil NO 3 − -N from FPP in 2013, more manure-N was applied to these plots. In addition, no N credit was ascribed to the plow-down forage mixture plots. In 2013, manure was applied to all plots on 11 June and incorporated on the same day to a depth of 10 cm using a tandem disc plow. In 2014, manure was applied Note: C, carbon; N, nitrogen. Units for LPM manure are expressed as kg L −1 and mg L −1 for dry matter and N contents, respectively, whereas the units for SPM manure are expressed as kg kg −1 and mg kg −1 for dry matter and N contents, respectively. to all plots on 4 June; it was incorporated on 6 June for ANN plots, but left on the soil surface for FPP plots.
Nitrous oxide flux measurements
We used the static vented chamber technique for collecting N 2 O fluxes. Three chambers were installed in each plot. The chambers were made up of a polyvinyl chloride collar that was 20.3 cm in diameter and 10 cm in height. In both years, 2013 and 2014, gas flux measurements began in May and ended in October. Before manure application each year, gas flux measurement was carried out to determine background N 2 O flux. Following manure application and seeding, N 2 O emissions were measured, two times a week during the first 3 wk. The sampling frequency was then reduced to once a week during the next 4 wk, fortnightly for the next month, and then once a month for the rest of the sampling period. Gas samples were collected from the headspace of each chamber as described by Nikièma et al. (2016) . Following the closure of the chamber, a 20 mL syringe was used to draw gas from the headspace at 15 min interval for a 45 min period. Each gas sample was immediately transferred into a 12 mL Exertainer vial (Labco Canada). The concentration of N 2 O of gas samples was determined using a Varian CP-3800 gas chromatograph analyzer (CP-3800, Varian Canada, Mississauga, ON, Canada). The gas chromatography was fitted with an electron capture detector. Standard N 2 O gases were prepared by dilution of standardized sample from Praxair Canada incorporation, which was then calibrated for the estimation of unknown samples. During the analysis, blank, standardized, and reference samples were included at intervals for quality assurance and control. For any sample set that has its reference greater than 5% of the expected value, the whole set is rejected and rerun to identify the error source.
The gas flux rates were calculated using the revised model of Hutchinson and Mosier (1981) (HM) as described by Pedersen et al. (2010) in HMR, an add-on package in R software (The R Foundation) available at https://cran. r-project.org/package=HMR. A plot of gas concentration against time interval describes the curve for estimating the flux. Depending on the fit of the curve, the software recommends one of the following models: non-linear, linear, or no flux. In the current study, the recommendations were usually accepted except for a few cases of no flux in which linear model was used. Example of such a situation is when the first three data values follow a linear trend but the last value does not, which may fall to almost the initial value. We examined whether the plot of concentration against time fits a linear graph or not. More so, rather than filling with zero or no flux, accepting the linear model gives a neutral output as such, the number of blank fluxes is reduced, and this allowed for better data analysis. Calculated fluxes were scaled to g N ha −1 d −1 . Linear interpolation of the gap filling function was adopted to estimate fluxes for days that were Table 2 . Residual soil nitrate nitrogen and manure application rates from the liquid pig manure (LPM) and solid pig manure (SPM) to the annual (ANN) and perennial forage grass plots (FPP) in 2013 and 2014. c Applied total N does not exclude N loss to the environment nor does it exclude organic N that will not be available each year. not sampled. Cumulative growing season fluxes were estimated by summing up measured and gap-filled fluxes from May to the end of October.
Soil sampling and analysis
Soil samples from 0 to 10 cm depth were taken around each collar at each sampling period using a 4 cm width Dutch auger. These samples were analyzed for gravimetric water content, and 2 mol L −1 KCl extractable NH 4 + -N (NH 4 + -N) and NO 3 − -N concentrations (McTaggart et al. 1993; Li et al. 2012 ) using a SEAL Discrete Analyser (AQ2®, SEAL Analytical Inc., Mequon, WI, USA).
Ancillary data
Weather data, including air temperature and precipitation, were obtained from a nearby Environment Canada weather station, 200 m away from the study site (Environment Canada 2014a). On each gas sampling occasion, soil temperature was taken at 0-2.5 cm depth around every gas chamber using a Fisher's scientific soil thermometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). In both 2013 and 2014, at the end of the growing season, plant samples were harvested by collecting four quadrant samples per plot with each quadrant measuring 50 cm by 50 cm. Row count within each quadrant was taken into consideration, usually three rows for the annual crops. Plant samples were cut at the base just above the ground level using a sickle. The four quadrant samples per plot were bagged together and dried at 35°C for 2 wk in a drying room. The dried samples of annual crops were threshed for grain, while only the biomass of forage grasses was weighed, and yield scaled to kg ha −1 .
Nitrous oxide emission factor and emission intensity
The N 2 O emission factor and emission intensity per plot were calculated using the following formulas:
where EF_Total_N, EF_Total_Available_N, and EF_Target_N are emission factors calculated based on total N, total available N, and target N, respectively; ∑(N 2 O-N) amended soil is the cumulative N 2 O-N from the amended treatments (kg N ha −1 ); ∑(N 2 O-N) control is the cumulative N 2 O-N from the control plots (kg N ha −1 ); Manure applied total N is the manure total N applied to amended plot (kg N ha −1 ); Total available N is the amount of manure applied N that will be available for plant use, including nitrate, ammonium, and potentially mineralizable N during the growing season, excluding gaseous losses during application (kg N ha −1 ), calculated as (manure NH 4 + -N × (100% − % volatilization loss)) + 25% manure organic N (Prairie Province's Committee on Livestock Development and Manure Management 2004); Target N is the amount of plant N expected to be available to plant both from residual soil N and potentially mineralizable N during the growing season (kg N ha −1 ).
where ∑(N 2 O-N) is the cumulative N 2 O-N from the treatment (kg N ha −1 ), and Yield is the grain or biomass yield from the treatment (Mg ha −1 ).
Statistical analysis
The data were subjected to statistical analysis using SAS® version 9.4 software package (SAS Institute Inc., Cary, NC, USA). The PROC UNIVARIATE procedure was used to test the data for normality. It was observed that all the dependent variables conformed to a lognormal distribution except for soil gravimetric water content and soil temperature that were normally distributed. As such, lognormal distribution was specified for the PROC GLIMMIX procedure used in analyzing the data except for the two variables (soil gravimetric moisture content and soil temperature). The PROC GLIMMIX procedure of SAS® for repeated measure was used to perform the analysis of variance as split-plot design with two cropping systems as the main factor (ANN and FPP) and three manure treatments as the subplots (CON, LPM, and SPM). Data were analyzed on a yearly basis; 15 sampling dates were analyzed for 2013 while in 2014, 16 sampling dates were considered. The fixed factors were cropping system, manure treatment, and sampling date in the PROC GLIMMIX procedure. The three chambers in a plot were nested within treatments. There were four blocks as random factors. Significant difference was accepted at a probability level of 0.05 using the Tukey-Kramer method.
Results
Environmental data
Annual precipitation was greater in 2014 than 2013 by 17% (64 mm) as shown in Table 3 (Environment Canada 2014a). In 2013, the annual precipitation was 366 mm compared with 430 mm in 2014. These values are below the long-term average of 545 ± 54 mm for this region. Similarly, precipitation during the growing season from May to October in 2013 (313 mm) was lower than that in 2014 (350 mm), which were both lower than the longterm normal of 412 mm during this period. However, in 2013, greater than normal precipitation was received in May while June, July, and August were drier than normal. As well, in 2014, greater than normal precipitation was observed mainly in June and August while May, July, and September were drier than normal. Average temperatures were above 0°C from May to October in both years (2013 and 2014) with the highest mean monthly temperature occurring between July and August in both years (17.8-18.7°C). Within this period, the lowest mean temperatures occurred in October in both 2013 (4.7°C) and 2014 (7.0°C).
N 2 O emissions
In terms of temporal fluxes, background N 2 O emissions were low before manure application (<4 g N ha −1 d −1 ) on all the treatments in both years, although N 2 O flux was higher on the manure-treated plots of FPP than the manure-treated plots of ANN. In 2013, following manure application, N 2 O fluxes increased gradually, reaching a peak after 2 wk of N source application. The highest peak of N 2 O fluxes occurred on the LPM plots (Fig. 1) . The peak N 2 O emission from the LPM-treated FPP plot was 351 ± 66 g N ha −1 d −1 , whereas the LPM-treated ANN plot had a peak emission of 177 ± 53 g N ha −1 d −1 on 27 June 2013. After the third week of manure application, N 2 O emission in manure-treated plots declined to the levels measured in CON for the rest of the season (Fig. 1) . In 2014, the flux trend followed a pattern similar to that in 2013, with a low background flux before manure treatment application. Following manure application, the N 2 O flux increased until a peak is reached within 1-2 wk after manure application. It is worth noting that the N 2 O fluxes in 2014 were low compared with 2013.
The statistical analysis of cumulative N 2 O flux showed that there was a significant interaction between cropping system and manure treatments in 2013 but not in 2014 (Table 4 ). The least-square means significance of main effects is shown in Table 4 , whereas Table 5 shows the significance of interaction effects using Tukey-Kramer grouping. In 2013, following conversion of the perennial forage grass plots to annual crop plots, the cumulative N 2 O flux from FPP was significantly greater than ANN (p < 0.001) on the manured plots (Tables 4  and 5 ). For example, cumulative N 2 O flux from LPM of ANN was 1.2 kg N ha −1 , whereas equivalent flux from LPM of FPP was 3.7 kg N ha −1 during the growing season of 2013 (Table 5 ). Since, there was no significant interaction effect of cumulative N 2 O flux between cropping system and manure treatment in 2014, Table 4 showed that after reestablishment of the terminated perennial forage grasses, cumulative N 2 O flux from ANN was significantly higher than FPP. Using least significant difference, which is less conservative, will reveal the detailed difference between the means of the interaction effects as compared with Tukey-Kramer used in Table 5 , which is more conservative, modest, and reduces the likely chances of error. Within each cropping system, N 2 O fluxes were not significantly different between the manure treatments. For example, during the growing season in 2013, Table 3 . Total monthly precipitation and mean monthly temperature for the study period (2013 and 2014) and long-term average cumulative N 2 O flux from LPM and SPM of ANN were 1.20 and 0.85 kg N ha −1 , respectively, which were not significantly different from one another (Table 5 ). In 2014, cumulative N 2 O flux from LPM and SPM of ANN was 0.52 and 0.59 kg N ha −1 , respectively, which were also not significantly different from one another.
Emission factors were calculated based on N from manure applied to soil as total N (EF_Total_N), total available N (EF_Total_Available_N), and target N (EF_Target_N) (Tables 4 and 5). In 2013, N 2 O emission factor and emission intensity from FPP doubles those of equivalent ANN. For instance, the emission factor from LPM of ANN was 0.67, whereas the emission factor from equivalent LPM of FPP was 1.09% kg N kg −1 applied total N during this period. From Table 4 , emission factors based on total available N and target N were also greater on FPP than ANN in 2013. On the other hand, in 2014 following reestablishment of perennial forage grasses, emission intensity from ANN was significantly different from those of FPP (Table 4) . This difference was not manifested in either the emission factors (Tables 4 and 5) or the Tukey-Kramer grouping of interaction effects (Table 5 ). In both years, N 2 O emission intensity was not significantly different between SPM and LPM. However, in 2013, ET_Total_N and EF_Target_N were significantly greater in LPM than in SPM (Table 4) .
Soil moisture and soil temperature
Daily soil moisture distribution pattern during the growing season of 2013 and 2014 is presented in Fig. 2 . There was a significant interaction between the time of sampling, cropping systems, and type of manure on the soil water content in 2013 (p = 0.015). The soil moisture gets saturated or close to saturation in June, whereas in early August, the soil moisture was reduced to a minimum level before increasing again at the end of August in both years. In 2013, soil moisture content from the SPM was significantly higher than the LPM and CON. Soil moisture content of the FPP plots was significantly higher than the soil moisture content of the ANN plots. Soil temperature also followed a similar pattern as air temperature on the study site, with peak soil temperatures occurring in June and August in both years (Fig. 2) . The lowest soil temperatures were measured in October. There was no significant difference in soil temperatures between LPM and SPM in both years.
Soil ammonium nitrogen
In 2013 and 2014, soil NH 4 + -N from FPP was significantly greater than that from ANN (p < 0.001). There was no significant difference in soil NH 4 + -N among the manure treatments. Ammonium-N level was the greatest in the soil just after manure application, especially on LPM plots. As shown in Fig. 3 , on the first sampling date after the application of manure treatments, the ammonium content was the greatest in the LPM of the FPP plots in both years (138 ± 13 and 20 ± 8 mg N kg −1 in 2013 and 2014, respectively) compared with LPM of the ANN plot (46 ± 11 and 7 ± 3 mg N kg −1 in 2013 and 2014, respectively). As the season progressed, the NH 4 + -N in the SPM plot became greater than that in the LPM.
Soil nitrate nitrogen
Nitrate-N in soil from FPP was significantly higher than ANN in 2013 (p < 0.001) with a peak of 158 ± 11 mg N kg −1 in the LPM-treated FPP plots after 2 wk of manure application compared with a peak of 78 ± 9 mg N kg −1 in LPMtreated ANN plot (Fig. 3) . At the end of the growing season in 2013, soil NO 3 − -N was far greater than the starting out soil NO 3 − -N in April by a factor of more than 10-fold in the FPP (Fig. 3) . Except for FPP plots in 2014, before manure application in each year, NO 3 − -N was low and not statistically different among CON, LPM, and SPM. In 2013, the year following perennial forage plow down, average soil NO 3 − -N was significantly higher on FPP than ANN plots (Table 5 ). It is worth noting that more N was applied to the FPP in 2013 to meet the crop requirement (Table 2 ). Mean soil nitrate was higher on CON of FPP than CON of ANN, but crop yield was not significantly different between the two treatments in 2013. In 2014, when perennial forage grasses were replanted, average growing season soil NO 3 − -N was significantly higher in ANN than FPP plots. However, there was no significant difference in NO 3 − -N between LPM and SPM across the cropping systems. In 2014, a month after manure application (8 July 2014), NO 3 − -N in the SPM treatment increased at a rate greater than that in the LPM treatment. As a result, the concentration of NO 3 − -N was high towards the end of the growing season with a peak of 49 ± 4 mg N kg −1 of soil in the SPM-treated ANN plots on 29 Sept. and 42 ± 3 mg N kg −1 of soil on the FPP plots on 5 Sept. Average soil NO 3 − -N was higher in 2013 than in 2014.
Discussion
Effect of converting perennial forage grass system to annual system on N 2 O emissions Perennial forage plow down resulted in more available N and N 2 O flux from the plots with continuous application of manure but not on the control plots (Fig. 3) . In 2013, the average soil NO 3 − -N and NH 4 + -N were significantly higher on FPP than ANN (Fig. 3) . The values of soil N from manured FPP in 2013 from this study far exceeded those of previous manured studies on this site by 250% (Nikièma et al. 2016; Karimi et al. 2017 ). The mineralization of N from residues of the terminated perennial forage grasses would have Note: Least-square means with the same lowercase letter in the same year under the same cropping system or manure treatments are not significantly different (alpha = 0.05). Cropping system: ANN, regular annual plot; FPP, perennial forage plots manure treatments; CON, unamended control; LPM, liquid pig manure; SPM, solid pig manure; N, nitrogen.
a In 2014, emission intensity was calculated using barley grain yield on ANN while forage biomass yield was used on FPP, as such figures are shown for observation purpose only and may not be suitable for actual comparison.
contributed to increased nitrate content in the soil. This is in corroboration with the work of Chantigny et al. (2013) , who reported increase in soil N content following termination of manured forage grasses and observed that it served as a source of nutrient for the crop grown on the same plot in the following season. Perennial forage grasses are known to store large amounts of N and carbon (Bolinder et al. 2002) . Because the FPP plots have been in the grass phase for 4 yr with continuous application of manure before cultivation occurred, this system must have accumulated a significant amount of organic C and N in the soil (Bolinder et al. 2012 ). This organic input could have been markedly affected by the cultivation that occurred in fall of 2012 and spring of 2013. Cultivation would have increased the rate of decomposition of the organic material thus providing the necessary substrate for nitrification and denitrification processes in soil. Another factor that could have contributed to the increased N level in soil is the amount of manure applied to the FPP plots in 2013 to increase the excessively low residual N content in the soil and meet the N requirement for the crop. The applied manure N to the FPP plots was more than 250% that of ANN. This rate difference of total N and total available N likely explains the amount of NO 3 − -N released in the soil during the growing season of 2013. The N difference did not result in significant yield difference probably because there was larger quantity of available N in soil than the ability of the crop to take it up. The increased N 2 O emission following the termination of perennial forage grasses is consistent with results from other studies (Drewer et al. 2017; Mielenz et al. 2017 ). Fraser and Amiro (2013) also pointed out a deficit in carbon balance following conversion of manured perennial forage to annual crop land. Nitrification and denitrification are principal processes contributing to N 2 O emission from the terminated perennial forage grasses as explained by Snyder et al. (2009) and Wrage et al. (2004) . Soil O 2 , NO 3 − -N, and C are proximal regulators of nitrification and denitrification processes in the soil, which are in turn affected by distal factors such as environmental conditions on the field (Barton et al. 1999; Wallenstein et al. 2006; Sahrawat 2008) . Lasisi et al. (2017) reported that FPP was able to keep the manure applied N in NH 4 + -N form, which reduced the risk of it being lost though leaching (Karimi et al. 2017 ). Nikièma et al. (2012) also found the soil nitrification potential to be seven times higher in a recently cultivated pasture hayfield than that in an uncultivated reference pasture site. The increased supply of available N from N mineralization of both SOM and residues of terminated and the plow-down perennial forage grasses, coupled with the continuous application of manure to the plots, was likely responsible for the elevated N 2 O emission following the conversion of the perennial forage crops to annual crops (Drewer et al. 2017 ). The ANN and FPP systems received the same manure treatments annually based on crop requirement and residual soil nitrate, although more N was added to FPP in 2013 to increase the low residual N level in the soil to meet crop requirement. Then, the elevated soil available N level and N 2 O emissions in FPP relative to the ANN must be the results of accelerated N mineralization from these organic inputs that were greater in the FPP than in the ANN system. The emission of N 2 O was not significantly different between the CON treatment of the FPP and that of the ANN, which might also suggest that the observed difference between the manure-treated plots was due to manure addition to the plots rather than crop residues incorporation.
Effect of grass system reestablishment on N 2 O
In 2014, the average NO 3 − -N content in soil was within the range reported in previous manured studies at this site, ranging from a low of 4 mg N kg −1 of soil on the control plots to a high of 30 mg N kg −1 on treated soils (Nikièma et al. 2016; Karimi et al. 2017 ). When the system returned to grassland in 2014, available N and N 2 O fluxes became less in the FPP than in the ANN system, suggesting that the accelerated N mineralization from the previous organic inputs had significantly slowed down and (or) the FPP system has become more efficient at utilizing any soil available N inputs from SOM mineralization and manure addition than the ANN system. In 2014, when the perennial forage grasses were reestablished, cumulative N 2 O flux, emission factor, and emission intensity were lower on FPP than on ANN. This agrees with the report of Maas et al. (2013) , who observed that N 2 O flux from ANN quadrupled that of FPP. On a contrary note, Nikièma et al. (2016) observed inconsistency in N 2 O flux between ANN and FPP. Oates et al. (2016) reported a 142% increase in N 2 O flux from annual crops over perennial grasses. They concluded that perennial crop emits less N 2 O during their establishment phase compared with annual crops.
Effect of manure type
When considering the entire growing season, there was no statistical difference between N 2 O flux from LPM and SPM. However, in both years, following manure applications, soil available N was higher on LPM compared with SPM ( Fig. 3 ). There are various characteristics of LPM that can facilitate quick release of N and optimize N 2 O emission from LPM compared with SPM: (i) NH 4 + -N content, (ii) soil moisture content, and (iii) soluble organic carbon (Chadwick et al. 2011) . LPM has most of its N content in NH 4 + form (Table 1) , which is a readily available N form in the soil soon after manure application. The high NH 4 + -N concentration in the liquid pig manure (Table 1) must have supplied large quantities of this N species to the soil following liquid pig manure application. This condition must have stimulated the size and activities of soil-nitrifying bacteria communities, which in turn quickly nitrified the NH 4 + to NO 3 − -N and the subsequent release of N 2 O in the process. This was evidenced by the high NH 4 + -N and NO 3 − -N concentrations during the first few weeks of manure application in 2013 and 2014 (Fig. 3 ). This could also be observed from the N 2 O flux data. About 1-2 wk after manure application, the N 2 O flux from LPM triples that of SPM (Fig. 1) . The only exception to this was ANN treatments in 2014, although the NH 4 + in SPM of 2014 is comparatively high (Table 1) .
Additionally, LPM is made up of more than 93% water compared with 75% for SPM (Table 1) . Application of LPM may increase soil water content and likely create conditions that promote the decomposition of soil organic materials. Although this moisture increase may be momentary, it can serve to initiate other processes in the soil.
Furthermore, the amount and type of organic C compounds available for microbial decomposition in manure could also potentially influence the rate of decomposition of organic materials. LPM has the majority of its C in soluble form, unlike SPM, which that has its C embedded in straw matrix, and it is less available for microbial decomposition (Rochette et al. 2008; Chadwick et al. 2011; Nikièma et al. 2016) . As seen in Table 2 , SPM has higher C:N ratios compared with LPM (Eiland et al. 2001; Qian and Schoenau 2002) , thus it takes longer time for soil microbes to decompose organic C of SPM compared with that of LPM. Due to this slower decomposition process, nitrification and denitrification rates and their subsequent release of N 2 O may also be reduced from the SPM-amended soil. Another consideration is oxygen consumption under LPM, which may be high compared with SPM, thus leading to increased likelihood of anaerobic microsites that tend to promote denitrification on the treatment and eventually increased N 2 O flux.
Effect of environmental factors
In this study, soil moisture showed a strong relationship with N 2 O fluxes (Table 6 ). This is in support of a previous work on soil moisture and N 2 O flux relationship (Nikièma et al. 2016) . Soil moisture explained up to 30% of the variations in N 2 O fluxes on most of the treatments. The strong correlation of soil moisture with N 2 O flux is an indication that denitrification is one of the dominant processes controlling N 2 O flux on this site. Early in the growing season, around June, soil moisture was high, with water-filled pore space values being greater than 60%. This coincided with the high N 2 O flux periods after manure application each year. Tenuta et al. (2010) reported that the strongest relationship was between N 2 O flux and NO 3 − -N while they observed a negative relationship between soil moisture and N 2 O flux. They suggested that the negative correlation may be because nitrification process was inhibited at higher soil moisture or the denitrification process went to completion with N 2 O being converted to N 2 .
Soil moisture and temperature are important environmental factors that affect N 2 O fluxes in agricultural fields. Soil moisture controls the availability of oxygen in the soil. At high moisture content, oxygen is limited; thus NO 3 − can be used as electron acceptor by denitrifying organisms. Significantly higher moisture in SPM than LPM may be attributed to improved water-holding capacity of the soil because of reduced bulk density from organic materials in the soil (Adesanya et al. 2016) . Also, SPM acts like mulch protecting the soil, improving water infiltration, and loss through evaporation. Soil temperature did not differ significantly between SPM and LPM treatments but was lower than the CON (Fig. 1) . Plots amended with manure likely produced more biomass (improved crop growth) and maintained more vegetative or biomass groundcover than the control ones except in 2013. Increase in temperature is Table 6 . Pearson's correlation coefficient and level of significance between normally transformed daily nitrous oxide (N 2 O) flux and measured soil variables across the 2 yr. Note: NS, not significant; *, significant (P < 0.05); **, very significant (P < 0.01); ***, highly significant (P < 0.001). N, nitrogen. The cropping treatments are annual plots (ANN) and perennial forage plots (FPP), whereas the manure treatments are liquid pig manure (LPM), solid pig manure (SPM), and control (CON). n ≤ 367. believed to increase microbial activities, which may aid nitrification and denitrification processes, this effect may sometime be masked by other factors such as management practices. Soil temperature equally had a strong relationship with N 2 O flux from this study (Table 6) . Early in the growing season, around June and July, N 2 O fluxes were high following manure application. Note that this period of elevated N 2 O fluxes also coincided with a warmer period when soil temperatures ranged between 20 and 30°C. This range of temperature is known to stimulate soil microbial activity. Whereas, in October when soil temperature was low, most especially in 2014 when soil temperature was below 10°C, biological activities might have been equally reduced, and N 2 O flux was at minimum.
Conclusion
During the perennial forage crop phase (2014), the annual system emitted more N 2 O than the perennial system, suggesting some N 2 O savings from the perennial relative to the annual system. It can be, therefore, recommended that including perennial forage crop in rotation with an annual crop system could be a good strategy to reduce N 2 O emission from the whole system. However, when the perennial system was converted to annual system, the disturbed soil emitted significantly more N 2 O than the regular annual system, suggesting more N 2 O loss from the cultivated grassland soil. Cumulative N 2 O emission and emission intensity were not significantly different between the control plots of ANN and FPP plot which may be an indication that the manure applications in conjunction with cropping systems were the driving factor for the emissions observed. This result also suggests that a great deal of the N accumulated during the forage grass phase when manure N was continually applied could be lost during the year of land-use conversion alone, thus reducing the overall GHG benefits. We do know that the N 2 O emission was high during the first growing season following the perennial grass cultivation. However, because the FPP plots were reseeded to forage grasses during the next growing season, we do not know how significant the N 2 O flux would have been that year (2014) if the plots were still used for annual crops. Further investigations are, therefore, needed to determine the N 2 O implication and the best crop rotation time (time of grass phase vs. time of annual phase) that would provide the maximum GHG, particularly N 2 O benefit.
